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Abstract 
 
An enhanced knowledge of the users’ behavior is critical for an effective design, since their presence and activities have a strong 
effect on indoor climate. They on one hand produce thermal loads, moisture loads and pollutants and, on the other hand, perform 
control actions for shaping the indoor environmental conditions according to their demands. This paper contributes to a 
methodology for the definition of user behavior, by exploring opportunities and limitations of in-situ investigations. As part of a 
wider investigation, a dwelling surveyed for one year provided an example of how temperature, relative humidity and CO2 
concentration combined with user actions logs can be used for qualitatively draw user profiles and account for the impact on the 
indoor environment. A connection between moisture production activities and window opening was established. Also in this 
example, the poor ventilation during winter, with limited window opening, lead to excessive CO2 concentration as a trade of for 
relatively acceptable indoor temperature. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 
Buildings’ hygrothermal performance is highly dependent on user behavior. Occupants’ presence and activities 
have a strong effect on indoor climate as they on one hand produce thermal loads, moisture loads and pollutants and, 
on the other hand, perform control actions that aim to shape the indoor environmental according to the users 
expectations (e.g. operating HVAC systems or opening/closing windows). Therefore, an enhanced knowledge of the 
users’ behavior is critical for an effective design. 
Several researchers studied the effect of occupancy and user behavior on the energy use of residential buildings 
[1-4]. On the other hand, in building simulation, assumptions are made on how the occupants operate the building 
and occupancy profiles and activities are required as input data. This information is typically found in standards and 
regulations. It’s important to understand how accurately these simulations perform to bridge the gap between 
predicted and actual energy consumption in buildings [5-7]. Taking moisture as an example,  the comparison 
between the work by Yik et al [8] and Pallin et al [9] highlights the different approaches and different results 
regarding the definition of loads. Moreover, the task becomes challenging if stochastic analysis is intended. 
In this work, the specific case of social housing in mild climate countries is studied. An enhanced knowledge of 
the user behavior is pursued so that a clear view of their expectations and actions can arise from the study. The 
objective is to explore the links between users, hygrothermal performance and indoor air quality based on a 
complete year's monitoring. 
This paper presents a contribution to a methodology for the assessment of user profiles, hygrothermal loads and 
resulting indoor environment. The analysis is built on a sample dwelling that was monitored for one year [10]. The 
work presented in this paper is part of a wider ongoing study, extended to 50 social housing dwellings that will 
provide a deeper insight with a strong statistical base. 
 
2. Case study and methodology 
 
2.1. Building characterization 
 
A large social housing retrofitting program was implemented in Porto, Portugal. The interventions included the 
upgrade of envelope thermal properties and ventilation systems. One flat of one of the renovated neighborhoods was 
chosen as case study for this work. The flat has 3 bedrooms for a total of 5 inhabitants and the following geometric 
features: net floor area of 64 m2; exterior wall area of 37 m2; window area of 12 m2; and volume of 160 m3. 
Typically, the Portuguese social housing users have a low income and try to spend the lowest possible amounts of 
energy in heating and cooling. In this study, users were asked about their heating habits having answered that they 
do not heat the house. Considering that the mechanical extraction in kitchens initially installed is only turned on by 
the users during cooking hours, an almost passive behavior of the flat was observed. 
 
2.2. Equipment and method 
 
The hygrothermal performance was evaluated for a full year by the continuous measurement of air temperature 
and relative humidity and the indoor air quality was assessed, during the same period, by the CO2 concentration. 
Both were measured in the living room and in one bedroom. 
The hygrothermal variables were recorded every ten minutes by means of data loggers HOBO-U12-011, with a 
precision of ±0.35 ºC and ±2.5% and a resolution of 0.03 °C and 0.03%, for temperature and relative humidity, 
respectively. The CO2 concentration level was measured with the TelAire 7001 associated to a data logger HOBO- 
H08-007-02. This system has a maximum error of ±50 ppm. The exterior conditions were recorded every ten 
minutes in the nearby LFC weather station. 
CO2 concentration level was used as an indicator of indoor air quality and as a mean of determining outdoor air 
ventilation rates according to the procedures established in ASTM D624-12 [11]. CO2 is considered a cost effective 
solution and has been tested as tracer gas by several researchers [12-14]. Air change rate (n) can be calculated from 
the mass balance equation of the CO2 (knowing the source emission and the outdoor concentration). In this study, 
the monthly average air change rate was estimated using 15 calculations in each month. The chosen period was in 
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the morning, right after occupants left the bedroom (unoccupied period), and, thus, CO2 internal generation rate is 
zero and the concentration decay can be used for ventilation estimation. 
Blower Door tests were performed using the Retrotec 1000 blower door model, according to standard EN 
13829:2000 [15] method A, corresponding to typical use conditions. 
The flat’s experimental assessment was accompanied by the completion of questionnaires that allowed to record 
the users’ daily routines, with a clear focus on window opening activities and vapor production through shower and 
cooking. 
 
3. User profiles 
 
The definition of user profiles that can be easily applied in simulation is an interesting goal but introducing their 
stochastic nature is not straightforward. Uncertainty starts with data gathering since measured parameters are more 
trustworthy than activity logs produced by the users. The profile concept is also up for debate, as different codes 
may benefit from different input data formats. A 1D HAM model for the analysis of component’s hygrothermal 
behavior will benefit from indoor temperature and vapor pressure profiles while building simulation tools will 
require moisture and heat gains. 
The in-situ measurements allowed to define indoor temperature (Ti), indoor vapor pressure (pi) and the LFC 
weather station outdoor temperature (Te) and outdoor vapor pressure (pe). Figure 1 presents the average hourly (Ti- 
Te) and (pi-pe), in week days of January, representing typical winter conditions. Figure 2 presents the corresponding 
values for June week days, representing typical summer conditions. The variability is represented in the graphs with 
error bars corresponding to the standard deviation of the values during the month under analysis. The presented 
measurements were obtained after averaging the values obtained for all compartments. 
 
 
Fig. 1. Winter daily user profiles vs. (a) Ti-Te; (b) pi-pe 
 
 
 
 
 
Fig. 2. Summer daily user profiles vs. (a) Ti-Te; (b) pi-pe 
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The activity profiles can be used in different ways. They essentially provide the basis for distributing loads in 
daily cycles, introducing peak effects that can add value when compared to constant loads. They also provide means 
for a qualitative analysis of human behavior. In this case, for instance, a connection between moisture production 
activities and window opening could be established. 
Figures 1 and 2 also include the profiles for shower, cooking and opening windows. These activities were 
selected due to their impact on indoor loads. Other relevant aspects could be included, but heating, for instance, is 
too random and, in this dwelling, was rarely used. The definition of each activity profile was done by calculating the 
probability of occurrence in each hour, based on the hourly user’s logs. Occupancy was not analysed with the same 
rationale as it had low variability and the number of persons in the dwelling, in each hour, could be established with 
a high confidence. Generally, no large differences were identified between the two periods as in both activities are 
more likely to happen in the morning and in the evening. The probability of window opening is clearly higher during 
summer.The standard deviation of each probability was also established but not displayed in the charts. 
The coefficients of variation (CV) for the probability of occurrence of each action during January and 
hygrothermal measurements were computed as a way of testing the link between variabilities. The CV for 
temperature difference in the daily cycle of January days ranged [8%-23%] and vapor excess ranged [7%-18%]. The 
CV of the probability of one specific action taking place in one of the hours of the daily cycle ranged [100%-350%]. 
This result stresses the difficulty of defining quantitative user profiles, assuming user logs can be trusted. 
 
4. Window opening vs. ventilation 
 
One of the more important hygrothermal impacts of user activities is window opening and its repercussions in 
ventilation rates. The analysis of CO2 decay, according to the methodology presented in section 2.2, provided the 
results presented in Figure 3 (a). The air change rate presents quite different patterns, depending on the season, 
putting in evidence the window opening effect. The mean monthly values observed in winter/autumn months are 
below 0.5 h-1 and frequently below 0.3 h-1. The blower door tests performed on the dwelling returned a value of 
n50=4.4 h-1 which, in a rough estimate, would correspond to n = n50/20 = 0.22 h-1, confirming a poorly ventilated 
dwelling if windows are not opened. Deriving n values from CO2 measurements appears as a useful parameter that 
can easily imbed the stochastic component of the window opening action. The information resulting from 
questionnaires seems less feasible. The graph in Figure 3 (b) presents NWO as the average number of window 
opening hours per day according to users’ logs. The parameter follows the trend found with the CO2 decay and can 
be used to compare dwellings but it cannot be easily transformed in simulation data. 
 
 
Fig. 3. (a) Annual air change rate box plots in the bedroom; (b) annual window opening profiles according to questionnaires. 
 
5. Indoor environment 
 
The consequences of the detected user behavior patterns could be assessed with the continuous one year in-situ 
measurements in the dwelling. Figure 4 presents the results of CO2 concentration in a bedroom and living room. The 
equipment used was limited to 2500 ppm as upper limit reading, which explains the obtained value range. If 1000 
ppm was to be used as acceptability criterion, the effect of poor ventilation would be confirmed by the excessive 
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CO2 concentration in both compartments. These measurements also highlight the differences that can be observed 
between compartments of a house with only 64 m2. 
 
 
Fig. 4. Annual CO2 concentration level box-plots. (a) bedroom; (b) living room. 
 
The results regarding temperature difference (Ti-Te) and vapor excess (pi-pe) are presented in Figure 5 as 
monthly box-plots and in Table 1 as monthly means. The box-plots for both differences had the same shape, 
corresponding to a normal distribution, and therefore they’re only presented for the bedroom. The monthly mean 
values, on the other hand, had some differences. The living room is warmer during winter and colder during summer 
and has a lower vapor excess every month, with the highest differences corresponding to the summer period. The 
indoor temperatures are acceptable, given the fact that heating is seldom turned on. This supports the conclusion that 
the users of this low income dwelling prefer reducing heat gains due to ventilation to keep an acceptable indoor 
temperature and withstand the degradation of indoor air quality. 
 
 
 
Fig. 5. Annual bedroom box-plots (a) temperature difference; (b) vapor excess. 
 
Table 1. Annual indoor environment monthly mean values. 
 
 
 
Te 
[ºC] 
Ti 
[ºC] 
 
pi-pe 
[Pa] 
 
CO2 
[ppm] 
 
 
(a) Living room; (b) Bedroom 
 Jan 
10.8 
Feb 
10.1 
Mar 
14.7 
Apr 
12.2 
May 
16.9 
Jun 
18.8 
Jul 
19.6 
Aug 
20.1 
Sep 
21.5 
Oct 
16.3 
Nov 
12.1 
Dec 
11.5 
Total 
15.4 
(a) 18.0 17.6 21.0 20.4 22.9 24.2 24.7 24.9 25.8 22.8 19.8 18.9 21.8 
(b) 17.0 17.0 20.7 19.8 22.5 24.2 25.2 25.4 26.3 22.7 19.4 17.6 21.5 
(a) 362 440 441 320 292 228 171 185 242 236 373 360 305 
(b) 390 483 436 339 315 256 241 252 318 273 412 379 342 
(a) 1629 1635 1386 1418 1131 943 738 630 922 1037 1325 1569 1194 
(b) 1733 1763 1544 1521 1323 1200 1277 1171 1047 1391 1652 1739 1445 
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6. Conclusions 
 
The construction of users’ profiles, including their variability characterization, is an important step for designing 
homes that will meet the expectations of human wellbeing. Although not defining a complete and ready to use set of 
simulation input data, this paper presented the opportunities and limitations of in-situ studies as means of user 
profiling, leading to the following conclusions: 
x Measurements can provide more trustworthy data than users’ logs, but the latter can be useful in defining the 
qualitative shape of the profile; 
x The probability of opening windows, showering or cooking is essentially a flag for the “when” actions will occur, 
in the daily cycle. In this example, along with the probable schedules for the actions, a link between increasing 
moisture production and window opening was established. The influence of outdoor conditions was also  
observed as a steep increase in ventilation due to window opening occurs during summer; 
x Ventilation rates calculated from CO2 concentration decay returned feasible values, in line with the air 
permeability measurements, that pointed to a poorly ventilated dwelling, demonstrated by the excessive CO2 
concentration values observed throughout the year; 
x It was also established that the users clearly sacrificed indoor air quality in exchange for thermal comfort, as they 
were able to keep the house relatively warm without continuous heating. 
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